ABSTRACT Phlebotomus papatasi (Diptera: Psychodidae) is the Old World sand ßy vector of zoonotic cutaneous leishmaniasis caused by Leishmania major (Trypanosomatidae: Kinetoplastida), a debilitating and disÞguring protist parasitic disease prevalent throughout southern Mediterranean countries, the Middle East, as well as southern and eastern European countries, where it is regarded as a serious public health problem. Little is known of the mating ecology of P. papatasi, and, in particular, the role (if any) of pheromones is not known. In this laboratory-and Þeld-based study, we have shown that a male-produced sex pheromone exists in P. papatasi. Young female P. papatasi are attracted to the headspace volatiles of small groups of males, males and females together, but not females alone. Males were not attracted to males, females, or mixed groups of males and females in the laboratory. Larger groups of males or males and females together were repellent in the laboratory study. Field experiments showed that Centers for Disease Control (CDC) light traps baited with small groups of males and females together were attractive to females, but not males. CDC traps baited with large groups of males and females together caught signiÞcantly fewer females and males than the control traps; however, the proportion of females caught compared with males overall was much higher than with CDC traps baited with small numbers of males and females. These results suggest that females may be attracted in preference to males to the vicinity of the baited traps and are highly sensitive to the concentration of male pheromone. It also suggests that P. papatasi mating behavior is fundamentally different from that of Lutzomyia longipalpis, where large mating aggregations of males and females occur.
to protect against the etiologic agent Leishmania major, new methods are urgently needed to control Old World ZCL and its primary insect vector, the sand ßy P. papatasi (Diptera: Psychodidae) (Ben Ismail et al. 1987a , Kassi et al. 2008 .
Application of residual insecticides, often conducted as part of malaria vector (Anopheles spp.) control campaigns, may in some cases impact upon sand ßy numbers and reduce incidence of ZCL (e.g., DDT spraying in Algeria; Benzerroug et al. 1992) . However, prolonged application of these chemicals is expensive and logistically difÞcult to maintain, and may impact negatively upon both human health and the environment (Alexander and Maroli 2003 , WHO 2003 , Maroli and Khoury 2006 . Most new approaches to sand ßy control in Africa, including use of insecticide-treated bednets and curtains (El Naiem et al. 1999, Jalouk and Maroli 2005), have not yet been widely adopted.
In Brazil, synthetic sex pheromones have been shown to be potentially useful tools in controlling Lutzomyia longipalpis, the primary sand ßy vector of canine visceral leishmaniasis in the New World (Bray et al. 2009 , Bray et al. 2010a . Although use of pheromones to attract insects to traps, or to improve efÞ-cacy of insecticide-spraying campaigns, is now common practice in agriculture (Shani 2000) , the use of these chemicals in disease vector control remains untested. The key to the development of such strategies is a thorough understanding of the chemical ecology of the target species (Girling and Cardé 2006) , and consequently, the role of pheromones in L. longipalpis mating behavior has been extensively studied (Hamilton 2008 , Bray et al. 2010b ). By comparison, there has been little equivalent work on vectors of leishmaniasis in the Old World. In P. papatasi, there is some evidence for the presence of an oviposition pheromone (Srinivasan et al. 1995) and an aggregation pheromone released from the palps of feeding females (Schlein et al. 1984) . In both cases, the pheromones are female produced and attractive to other gravid and bloodfeeding females, respectively; in both cases, they have yet to be identiÞed.
The extent to which Phlebotomus species use sex pheromones to attract mates, in a similar fashion to the male-produced pheromones of L. longipalpis, is unknown. Our own chemical analyses have failed to reveal the presence of terpenes (the class of chemicals that act as sex pheromones in L. longipalpis) or their associated sites of production (papules), in Old World Phlebotomus spp. . However, if such chemicals do exist, there may be considerable potential for their development and exploitation in ZCL control programs. Behavioral experiments, which can demonstrate attraction of potential mates in the absence of visual or acoustic cues, can provide strong evidence for the existence of sex pheromones in a species before their chemical characterization. In addition, such studies are necessary to conÞrm the biological activity of any chemical hypothesized to play a role in mating behavior. As far as we are aware, no such study has investigated the presence of sex pheromone in any Old World Leishmania vector.
We therefore carried out laboratory and Þeld studies to determine whether sex pheromone is present in P. papatasi. Through laboratory bioassays, using a Ytube olfactometer that eliminates potential auditory and visual cues, we investigated whether females were attracted over short distances toward small or larger groups of single-or mixed-sex P. papatasi. To examine the role that pheromones might play in forming mating aggregations in the Þeld (as occurs in L. longipalpis; Kelly and Dye 1997), we tested whether small and larger groups of male and female P. papatasi could be used to attract ßies of both sexes over larger distances under natural conditions.
Materials and Methods
Sand Fly Rearing. A colony of P. papatasi was established from adults collected in El Felta, Sidi Bouzid, Tunisia (34Њ5Ј N, 9Њ29ЈE), reared as described previously by . Adults were kept in Barraud cages (18 ϫ 18 ϫ 18 cm) within an insectary at 27ЊC 95% RH and a photoperiod of 12:12 (L:D). On emergence, males and females were transferred to holding cages (18 ϫ 18 ϫ 18 cm), and after 3 d females were allowed to blood feed on anesthetized mice according to United Kingdom Home OfÞce license regulations. After a further 2Ð3 d, gravid females were transferred into Nalgene plastic pots (BDH, Speke, Liverpool, United Kingdom) to oviposit. The base and walls of the oviposition pots were lined with plaster of Paris and dampened with distilled water, and the base was roughened with deep grooves to facilitate oviposition (El Naiem and Ward 1992). On emergence, larvae were fed on a mixture of dried and ground rabbit food:rabbit faeces (50:50). Five hours after eclosion, but before rotation of the male genitalia had occurred , adult male and female P. papatasi were separated from each other to provide unmated adults for use in experiments.
Bioassay. Experiments to determine whether ßies of each sex and of different ages produced a sex pheromone were carried out using a Y-tube olfactometer ( Fig. 1) (Hamilton et al. 1999b, Bray and Hamilton 2007a and the other "control"). Both Dreschel heads were then connected via Teßon tubing to a zero grade bottled air supply (BOC Gases, Guildford, United Kingdom). Air ßow was controlled by a two-stage regulator (BOC Gases) and a rotameter (Supelco), and was adjusted so that the air ßow at the outlet of the stem of the olfactometer was 2 ml/s (measured with a bubble ßow meter). All connections were made airtight by sealing with Teßon tape (Sigma-Aldrich, Gillingham, United Kingdom). The olfactometer was placed horizontally on a vibration-dampened bench, and cleaned glass wool was inserted into the inlet end of each arm of the Y-tube to prevent ßies from escaping into the Teßon connecting tubes. Virgin sand ßies (males, females, or males ϩ females) were placed in the test ßask for 30 min. One female P. papatasi was then removed from a holding cage using a mouth aspirator and placed into a small Teßon container, the open end of which was inserted into the outlet end of the olfactometer stem. The sand ßy entered the stem of the Y-tube and had a maximum of 2 min to choose either the test arm or the control arm of the olfactometer. Flies were considered to have chosen after moving more than halfway along either arm of the olfactometer. Flies not choosing after 2 min were recorded as nonresponders. At least 80 different ßies were tested for each treatment. To control for any effect of side bias, the positions of test and control arms were swapped every 10 replicates by rotating both the olfactometer and connecting tubing through 180Њ on the horizontal axis. The apparatus was also tested for bias before experiments were carried out and at frequent intervals during the experiments.
Before each dayÕs trials, Teßon tubing was rinsed with hexane and double-distilled water and allowed to air dry in a fume hood. Glass apparatus was cleaned with a 5% solution of Teepol detergent (VWR International), distilled water, and acetone, and baked in an oven at 200ЊC overnight. The majority of experiments were carried out under red or low light conditions, and some experiments were carried out under white ßo-rescent light. Tests showed that there was no difference in response of P. papatasi regardless of lighting conditions. All experiments were carried out between 0900 and 2300 h at 26 Ð27ЊC.
Test Stimuli: Sex and Group Size. Experiments were conducted to determine whether male or female P. papatasi were attracted to males, females, and mixedsex groups of different sizes. Small groups comprised Þve ßies for single-sex groups, or Þve males and Þve females for mixed-sex groups. Large groups consisted of 30 ßies for single-sex groups, or 30 males and 30 females for mixed-sex groups. In all cases, the control bulb was left empty (no ßies). Test subjects, unmated females or males, were allowed to acclimatize to experimental conditions for 1 h.
The willingness of P. papatasi females to mate varies with age, peaking at 3 d after emergence (Srinivasan and Panicker 1993) . To take into account potential age-related differences in mate-seeking behavior, we conducted experiments using two age groups, the Þrst using young ßies (1Ð3 d old), as both test subjects and test stimuli, and the second with old ßies (3Ð 6 d old).
Field Experiments. Field experiments were conducted in houses located near the village of Felta, Sidi Bouzid, Tunisia (34Њ5Ј N, 9Њ29ЈE) within the arid bioclimatic zone, which is highly endemic for ZCL ). The village was chosen primarily for its high relative abundance of P. papatasi (62.7% compared with other species) (Chelbi et al. 2009 ). Field experiments were carried out during June to September 2009: a period when P. papatasi is most abundant ). Experiments were conducted inside animal shelters within small farms, surrounded by noncultivated land inhabited by large populations of the fat sand rat Psammomys obesus, the principal vertebrate reservoir of ZCL in Tunisia (Ben Ismail 1987b) .
Attraction of P. papatasi in the Field. Field experiments aimed to test whether cages containing adult (1Ð3 d old) sand ßies (Þve males ϩ Þve females or 30 males ϩ 30 females) presented at a test site attracted more males and females than simultaneously presented controls (0 males ϩ 0 females). Test and control sites consisted of nylon Barraud cages (10 ϫ 10 ϫ 10 cm) placed above Centers for Disease Control (CDC) miniature light traps Þtted with 6-V tungsten lights (John Hock, Gainesville, FL). Sand ßies placed in the Barraud cages were from a laboratory colony maintained in the Institut Pasteur de Tunis. At dusk (1700 Ð1800 h), pairs of experimental stations (comprising test and control traps) were placed 3 m apart in animal shelters. The traps, powered by 6-V rechargeable batteries, were left to run overnight. In the morning (0600 Ð 0700 h), captured sand ßies were transferred to the Þeld laboratory, killed by freezing at Ϫ20ЊC, and transferred to petri dishes for species identiÞcation under ϫ40 magniÞcation. Males and females were counted separately. The positions of test and control cages were alternated between nights.
Each experiment was conducted over two to four nights, using one to three pairs of Barraud cages spread across two to three animal shelters. Freshly cleaned cages were used for each night of experiments. A total of 15 replicates was carried out for each experiment.
Statistical Analysis for Y-Tube Olfactometer Data. Binomial tests (Sokal and Rohlf 1995) were used to determine whether a greater proportion of female or male sand ßies was attracted to test treatments (males alone, females alone, or females and males together) compared with the control treatment (nothing) than would be expected by chance (50/50). Separate analyses were performed using experiments with young and old ßies, and test groups of different sizes.
The proportion of sand ßies not responding during Y-tube bioassays (i.e., ßies not choosing test or control sides after 2 min) has previously been used as a measure of behavioral activation: the smaller the propor-tion of number of nonresponders in trials using a particular stimulus, the greater the level of activation, regardless of whether the ßies choose the test or control side (Bray and Hamilton 2007a) . To determine whether stimulus group size had a signiÞcant effect on subject activation, 2 tests (Sokal and Rohlf 1995) were used to compare the proportion of ßies not responding in trials using small groups in the test bulb and large groups in the test bulb. Separate analyses were performed for experiments using males, females, or mixed groups, and young and old ßies.
Statistical Analysis for Field Experiment Data. Two-tailed paired t tests determined whether CDC light traps baited with test stimuli (Þve males ϩ Þve females or 30 males ϩ 30 females) attracted signiÞ-cantly more (or less) male and female sand ßies than the paired controls (no sand ßies). A 2 test then compared the overall sex ratios of captures made in experiments using Þve males plus Þve females or 30 males plus 30 females as bait, combining captures from test and control traps in each pair.
Results
Young female sand ßies were signiÞcantly attracted to small groups of male sand ßies of similar age (binomial test: ßies to test ϭ 42, ßies to control ϭ 17, P Ͻ 0.01) and small mixed groups (test ϭ 261, control ϭ 79, P Ͻ 0.001; Fig. 2 ), but not small groups of females (test ϭ 11, control ϭ 12, P Ͼ 0.05 not signiÞcant [ns]). However, large groups of males, and of mixed ßies, were both signiÞcantly repellent to young females (males, test ϭ 8, control ϭ 28, P ϭ 0.01; mixed groups, test ϭ 2, control ϭ 75, P Ͻ 0.001; Fig. 2 ). Large groups of females were neither attractive nor repellent to young ßies (test ϭ 16, control ϭ 14, P Ͼ 0.05 ns).
Young males were not signiÞcantly attracted to small groups of males (test ϭ 18, control ϭ 19, P Ͼ 0.05 ns). Similarly, young males were not attracted to large groups of males or females (males, test ϭ 11, control ϭ 13, P Ͼ 0.05 ns; females, test ϭ 15, control ϭ 20, P Ͼ 0.05 ns).
The proportion of nonresponding males in trials using large or small groups of males and females and mixed groups remained similar (Ϸ50%; 96/190). However, whereas the proportion of females not responding to small and large groups of females was 62% (87/140), the proportion of females not responding to small, large, or mixed groups of males was low (5%; 35/742).
In experiments using older ßies, older females were neither attracted nor repelled by small groups of young (test ϭ 12, control ϭ 13, P Ͼ 0.05 ns) or old males (test ϭ 26, control ϭ 28, P Ͼ 0.05 ns), small young mixed-sex groups (test ϭ 128, control ϭ 109, P Ͼ 0.05 ns), or small old mixed-sex groups (test ϭ 12, control ϭ 15, P Ͼ 0.05 ns). Finally, older females were not attracted or repelled by small groups of young (test ϭ 11, control ϭ 10, P Ͼ 0.05 ns) or old females (test ϭ 4, control ϭ 8, P Ͼ 0.05 ns).
Older males were not signiÞcantly attracted to or repelled by small groups of males (males, test ϭ 7, control ϭ 10, P Ͼ 0.05 ns). Older males were not attracted to or repelled by large groups of males or females (males, test ϭ 23, control ϭ 25, P Ͼ 0.05 ns; females, test ϭ 20, control ϭ 20, P Ͼ 0.05 ns).
CDC traps baited with Þve male and Þve female P. papatasi (1Ð3 d old) caught signiÞcantly greater numbers of females than unbaited, paired controls (mean [ϮSE] : test ϭ 120 (Ϯ24), control ϭ 74 (Ϯ16), t ϭ 3.21, n ϭ 15, P Ͻ 0.01; Fig. 3A ). By comparison, there was no signiÞcant difference between numbers of males caught in test traps compared with controls (mean [ϮSE] : test ϭ 175 (Ϯ45), control ϭ 121 (Ϯ26), t ϭ 1.98, n ϭ 15, P Ͼ 0.05 ns; Fig. 3B) .
In experiments using 30 male and 30 females, unbaited control traps caught more sand ßies of both sexes than baited controls (females, test ϭ 88 (Ϯ17), control ϭ 168 (Ϯ34), t ϭ 3.79, n ϭ 15, P Ͻ 0.01, Fig.  3A ; males, test ϭ 98 (Ϯ29), control ϭ 182 (Ϯ50), t ϭ 2.82, n ϭ 15, P Ͻ 0.05, Fig. 3B ).
In addition, a greater proportion of females (relative to males) was captured in total (i.e., combining captures in test and control traps) in experiments using 30 males with 30 females as bait, compared with those using only Þve male with Þve female ßies (females/males: 5( ϩ 2 ϭ 108.5, df ϭ 1, P Ͻ 0.001) (Fig. 3) .
Discussion
Laboratory bioassays demonstrated the attraction of young female P. papatasi to a small group of males (Þve) and a small group of mixed sexes (Þve males ϩ Þve females). Furthermore, small mixed-sex groups attracted more female and male ßies than controls in the Þeld. Our laboratory experiments also showed that the proportion of females that do not respond in the Y-assay greatly increases if there is no male odor present (from 5 to 62%). To our knowledge, these results represent the Þrst behavioral evidence for the presence of a sex pheromone in Old World Phlebotomus sand ßies.
Female P. papatasi were not attracted to groups of females in the laboratory, strongly indicating that, as in L. longipalpis, the sex pheromone is exclusively produced by males. Although responses of males were not tested in the laboratory, male P. papatasi were attracted to small mixed groups of ßies in the Þeld. In L. longipalpis, sex pheromone, alongside host odor, is integral to attracting both sexes to mating aggregations (Kelly and Dye 1997) . However, P. papatasi do not form large aggregations; although they are considered to be anthropohilic and endophilic (Croset et al. 1978) , they are frequently found outside homes in the vicinity of host animals (Chelbi 2008 ). Further work is needed to determine the exact role of the putative pheromone in attracting males and the role of host odor (if any) in P. papatasi mating behavior, before development of an effective pheromone-based control tool.
Under laboratory conditions, larger groups of males and mixed groups were repellent to young female P. papatasi, resulting in a greater proportion of ßies moving toward the control side of the apparatus, or not responding (i.e., not moving along the stem of the Y-tube). Similarly, in the Þeld, more male and female sand ßies were caught in control traps than those baited with larger mixed groups, although a greater proportion of females was caught in experiments using 60 ßies (30( ϩ 30&) as bait, compared with 10 (5( ϩ 5&). Taken together, these results indicate that female P. papatasi are sensitive to the concentration of pheromone present, and at high concentration, will arrest, or be diverted, before reaching the odor source; similar arrestant behavior in response to pheromone has also been recorded in L. longipalpis (Morton and Ward 1989) . Once females of either species reach an area of sufÞcient pheromone concentration, they may require additional cues, either in terms of host odor, or male courtship signals (e.g., wing ßapping or abdomen bending), to progress further toward copulation.
Understanding the circumstances under which pheromone is attractive or repellent will be crucial to their exploitation in future potential control strategies: either in lure and kill techniques, such those being explored in L. longipalpis (Bray et al. 2010a ), or mating disruption methodologies, as more commonly applied in agriculture (Shani 2000) , or as part of integrated vector control strategies.
Interestingly, demonstration of attractiveness in the laboratory was found to be age dependent, and limited to young ßies 3 d old or younger. Whether the lack of response in older ßies represents a change in female behavior, male pheromone release, or both remains to be explained. Whereas female L. longipalpis prefer middle-aged males (a choice potentially related to pheromone production) (Jones et al. 2000) , age-related changes in mating behavior in P. papatasi are more pronounced, with sexual activity peaking 3 d after emergence of the adult, after which point females appear to lose interest in mating and feeding Panicker 1993, Chelbi and . Understanding how age-related changes affect mating and blood-feeding behavior in the Þeld would be interesting and lead to understanding of the basic biology of an important vector species as well as aid in understanding how a pheromone-based tool is likely to impact upon P. papatasi population structure and the dynamics of ZCL transmission.
Previous studies on P. papatasi chemical ecology have shown that females produce two different semiochemicals. An aggregation pheromone released from the palps of feeding females was found to recruit other females to aggregations on feeding membranes or chambers (Schlein et al. 1984) . The effect was shortlived, after females stopped feeding. These results are in contrast to our results, in which it was shown that males rather than females were attractive. This feeding recruitment phenomenon has also recently been observed in L. longipalpis (Tripet et al. 2009) , in which the authors showed unambiguously that the invitational effect observed was driven by the "enormous beneÞts of feeding in aggregations over feeding singly." The second semiochemical previously identiÞed in P. papatasi is an oviposition pheromone that was found on freshly laid eggs (Srinivasan and Panicker 1993) . This pheromone seems to stimulate oviposition by other gravid females, but it is unclear whether it is attractive over distance.
The results of these preliminary laboratory and Þeld studies indicate that young male P. papatasi produce a chemical signal attractive to females. Complementary studies are now needed to characterize the chemical composition of the proposed pheromone and its site of production in the male. In L. longipalpis, pheromone (Hamilton et al. 1999a,b) is produced and released from tergal glands on the abdomen, and thought to be dispersed through wing ßapping during courtship (Boufana et al. 1986 , Ward et al. 1993 , Jones and Hamilton 1998 . Tergal glands have also been described from the Old World genus Sergentomyia, with putative terpene pheromones isolated from Sergentomyia fallax and Sergentomyia minuta (Ward et al. 1991; J.G.C.H., unpublished observations) . Although similar structures have not been reported in P. papatasi, courtship in several Phlebotomus species involves repeated lateral bending of the abdomen before copulation (I.C., J.G.C.H., and D. Bray, unpublished observations), perhaps acting to disperse pheromone from the abdomen, which may be achieved by wing ßapping in L. longipalpis (Bray and Hamilton 2007b) .
The behavioral results presented in this study demonstrate a response by female P. papatasi to a maleproduced semiochemical in the laboratory, with supporting Þeld evidence that is concentration dependent. The results obtained using the Y-tube olfactometer allow us to be clear that the response is chemically mediated and not because of auditory or visual cues.
Sand ßies, like other insects, have short Þeld acoustic perception that works over distances of 1 or 2 cm (Claridge 2005) . In our apparatus, the males (or males and females) were held 60 cm upwind from the position in the Y-tube olfactometer, where test sand ßies were placed in the Y-tube; therefore, sound could not have played a role in attraction in our laboratory experiments. However, female L. longipalpis do respond to acoustic signals, although these are shortrange courtship signals that are important after longrange attraction has occurred (Souza et al. 2002 (Souza et al. , 2004 Bray and Hamilton 2007b) . There are no reports of acoustic signaling in P. papatasi, as far as we are aware, but it is likely that they will be shown to play a role in close-range courtship and mating behavior, as wing ßuttering similar to that observed in L. longipalpis has been observed in P. papatasi (I.C., J.G.C.H., and D. Bray, unpublished observations).
Vision is important in several aspects of the ecology of biting ßies, including, for example, appetitive ßight, carbohydrate location, migration, and dispersal (Allan et al. 1987 , Allan 1994 , with host location being speciÞcally inßuenced by the size, shape, contrast, color, and movement of the target (Brown 1953 (Brown , 1954 . Vision is also important in mate location in some haematophagous insects, for example, in the Tsetse ßy Glossina morsitans morsitans, in which males are attracted to females soley by visual cues (Wall 1989) . Little is known about sand ßy vision generally, or in P. papatasi speciÞcally. Studies have shown that L. longipalpis males and females have true color vision (Mellor et al. 1996) , and attraction to different wavelengths is inßuenced by the intensity of the light as well as the wavelength (Mellor and Hamilton 2003) . Field studies have shown that both male and female P. papatasi are attracted to red light (660 nm) in preference to green (502 nm) or blue (470 nm) (Hoel et al. 2007 ). Significantly more male L. longipalpis were attracted to yellow traps than blue traps, but females showed no preference to either color (Bray et al. 2010b) . No speciÞc studies, as far as we aware, have been carried out to determine sand ßy response to visual cues during mating. In our Y-tube olfactometer study, vision also is unlikely to have been an important factor in the observed attraction of females, as the apparatus is designed to eliminate or reduce the possibility that visual cues might lead to attraction (Hummel and Miller 1984, Howse et al. 1998) .
Further work should aim to identify the chemical or chemicals that are responsible for mediating this attraction in the near future, and to determine its potential development as a tool for vector control.
